with a brief mention of several others, including the A, C, and D forms. Although this survey contains some recent information on the interconver sions between certain of these forms and a mention of studies on their dynamic behavior, no attempt is made to be comprehensive in these areas. The status of the structure of DNA-RNA hybrids is briefl y reviewed. Obviously, a detailed review of all of these areas is impossible and consider able selection has been exercised. Studies of transfer RNA or of oligonucleo tide or polynucleotide complexes with drugs or proteins are only discussed as they seem directly pertinent to DNA structure per se. Theoretical studies are deemphasized relative to experimental studies. The literature covered by this review extends through the middle of 1981.
DNA structure was last reviewed in this series by Jovin (1) . A number of other reviews have appeared on nucleic acid structure (2) (3) (4) (5) (6) (7) (8) and physical properties (9) as well as on the properties of DNA-protein complexes (10, 11) , chromatin (12) , and topoisomerases (13) (14) (15) , and complexes of nucleic acids or their components with metals (16, 17) , with drugs (18) , or with water (19) . Related reviews have centered upon the data obtained from optical techniques (20) or NMR (21-25) (24 reviews nucleosides and nu cleotides). Superhelical DNA has been also been reviewed (26) (27) (28) (29) .
Structural Models for DNA
ORIGINS OF POLYNUCLEOTIDE MODELS With the exception of the recently discovered Z form, the various conformations of DNA were all originally distinguished and defi ned by their X-ray fi ber diffraction patterns. In all cases, this type of diffraction record has provided the richest source of data against which detailed structural proposals for polymeric DNA can be tested. Such fi ber diffraction patterns provide two major types of infor mation (30) : the helical parameters (pitch, residue repeat distance, and residues/tum), which are often readily obtainable from spacings of the reflections in the X-ray patterns, and the intensity distribution pattern itself. The helical parameters are used to set limits on the type of detailed struc tural proposals ("models") that need to be considered, and trial structures are built within these constraints. Such provisional models are further subjected to the laws of structural chemistry: covalent bond angles or distances must be within the ranges determined by accurate structure deter minations on small molecules. The coordinates of stereochemically accept able models are used to calculate predicted diffraction patterns, which are then compared with the intensity distribution in the observed diffraction pattern. The model typically goes through a number of cycles of adjustment to improve the fit of its calculated diffraction pattern to the one observed. It is in the nature of this train of argument that the best model so obtained is not necessarily unique. The coordinates are presented at atomic resolu tion because they must be so specifi ed for testing of the model, not because they are necessarily a unique solution dictated by the diffraction data.
Because of the shortage of diffraction data, assumptions are incorporated into the model building. For example, base-pairing schemes are commonly assumed from physicochemical or other sources. Sugar puckers or back bone dihedral angles may be fi xed to certain values or constrained to be within certain ranges. Indeed, even the hand of the basic helix must be assumed, at least initially, although subsequently right-vs left-handed mod els can be tested against each other.
These limitations on DNA models derived from fi ber data have stimu lated major reinterpretations and have led to proposals for left-handed and "side-by-side" models. These proposals are discussed in some detail. In the case of Z DNA, the original structure was obtained from single crystal X-ray diffraction analysis of short oligomers. This approach does yield a unique structure; however, it must then be shown that polymers can assume the same structure as did the oligomers. This stage of the demonstration once again has rested heavily on fiber diffraction studies, in conjunction with other physical chemical evidence. Several models are compared in Figure I and their parameters are summarized in Table 1 . Finally, it should be noted that the original structural proposals for the various forms of DNA stem from data on solid samples, i.e. fibers or crystals. A number of recent studies have concluded that the original models must be modifi ed if they are to portray realistically the structures present in solution.
TERMINOLOGY AND CONVENTIONS For .those interested in the defi ni tions of specifi c conformational features such as the various sugar puckers and the ranges of dihedral angles the descriptions of Saenger (47) or of Arnott (48) are suggested.
A designation such as "the B form" of DNA is commonly used in the literature to refer to both the actual structure that gives rise to the charac teristic diffraction pattern and to the hypothetical structural model that is proposed to rationalize the diffraction pattern. In this review, the former meaning is employed. Specifi c structural proposals such as types of sugar puckers and sets of atomic coordinates are considered to be attributes of models for the actual structure. pairs among these models. The arrow in the lower view of Z DNA indicates the C}' of the deoxyguanosine residue, the base of which is relatively exposed in this structure (see text); the deoxycytidine residue is more centrally located.
diffraction pattern. Arnott & Hukins (31) refi ned this structure and pro vided a set of atomic coordinates that have been widely used in discussions of B DNA. Certain aspects of the B form are not presently controversial: all current models assume a double helix with antiparallel strands and with Watson-Crick base pairs oriented roughly at right angles to the helix axis ( Figure 1 ). Controversy exists as to whether the helix is right-or left-handed or both, as to the exact number of base pairs/tum, and as to the disposition of the bases (coplanarity of bases within the pairs and their orientation with respect to the helix axis). Most DNA can adopt the B form as defined by its characteristic X-ray fiber diffraction pattern: The bulk of the sequences of natural DNA over a wide range of base compositions (51, 52) as well as synthetic DNA of several simple base sequences (35) conditions. Further, the patterns are similar to each other in detail, which suggests a narrow range of variability in B form structure. This apparent homogeneity is in contrast to recent suggestions from nondiffraction tech niques and from single-crystal diffraction studies on oligonucleotides, which indicate either static or dynamic structural heterogeneity (see below). Early indications of deviant structures in DNA of high AT-content have been correlated with the presence of non-DNA material (53) . There are a few species of synthetic DNA, namely poly(dA)'poly(dT), poly(dI)-poly(dC), and poly(dA-dI)'poly(dC-dT), that have a B form that is signifi cantly different from that of the other complementary deoxypolymers. These polymers have different intermolecular packing arrangements and a slightly changed value for the rise per residue (35, 54) . A striking indication of altered structure or structures for the conformations of poly(dA)'poly(dT) and poly(dI)·poly(dC) is their refusal to undergo a transition from the B form to the A form (35, (54) (55) (56) . These unusual properties assume particular interest given the existence of relatively long dA' dT sequences in vivo (57 overall structure is notably like that proposed for the canonical model for B DNA. This study therefore allows an unambiguous examination at high resolution of a prototype for the B form of DNA, and is certainly a most important addition to our knowledge.
The structure adopted by the dodecanucleotide is a right-handed antipar alIel double-stranded helix with the bases essentially perpendicular to the helix axis (58) . While these major attributes of the B form model are present, the detailed structure of the oligomer departs from that of the familiar model in a number of significant ways.
The well-defi ned molecular axis is not straight; rather the axis traces a smooth bend of signifi cant curvature (a total of 19° bend distributed over the entire length, which corresponds to a radius of curvature of 112 A; for reference, the diameter of the B helix itself is '" 21 A.) A clear basis for the bend is seen in the intermolecular contacts within the crystal (58) . The terminal three G-C base pairs of each duplex form fi ve H bonds with atoms of the next duplex "above" themselves in a manner that requires a bend in the helix axis. There are two formal possibilities: either the DNA is intrinsi cally bent and the crystal packing simply accommodates this innate ten dency or, alternatively, the packing causes the bending. The authors provide several reasonable arguments for the latter interpretation, but ultimately we must await the results of similar studies with other oligomers. It is the terminal alternating G-C sequences that are involved in the canted interac tions between duplexes, so that it will be important to see what structures form in oligomers lacking these terminal sequences or, alternatively, con taining longer internal sequences. The bend in the dodecamer clearly poses a problem if we wish to know the structure of unbent DNA, since decon voluting the bent structure requires some arbitrary decisions. Notwith standing, it is most useful to examine this remarkable structure.
The crystal structure differs from the usual models derived from fi ber diffraction in a fundamental way: The dodecamer duplex is not simply a set of 24-nucleotidyl residues of essentially identical conformation joined monotonously into 12 base pairs of essentially identical structure. Rather there are enormous variations in the helical relationships between succes sive base pairs, and often significant conformational differences between the residues (59, 60). The helical variations span the full range observed by fi ber diffraction for structures as disparate as those of the A, B, and D forms of DNA. For example, the eleven local helical steps correspond to 9.4, 9.1, 10.8, 9.6, 9.6, 11.2, 10.0, 8.7, 11.1, 8.0, and 9.7 residues/turn (59) . These values may be compared to the values from fi ber diffraction of --11, 10, and 8 residues/turn for the A, B, and D helices, respectively ( tide (9.65 residues/turn and 3.33 A rise/residue) are within a few percent of those inferred from the B form diffraction, the structure has tremendous local variation. Indeed, while the base pair tilt and position relative to the helix axis for the central six base pairs is similar to that in the B DNA models from fiber diffraction studies (31) , the adjacent base pair on either side has a distinctly A DNA conformation, and another peripheral base pair is like that of the D form. The other backbone conformational angles are generally similar to those inferred from earlier fi ber diffraction or theoreti cal studies, with a few values in unusual ranges. The bases of a given base pair are not coplanar in the dodecanucleotide (59, 60) . The average propellor twist (i.e. total dihedral angle between base planes in one H-bonded base pair) is 17.3° ± 0.4° for the central four A-T residues and 11.5° ± 5.1° for the G-C pairs at the ends. [In contrast, an earlier model for B DNA from fi ber diffraction studies (31) has an almost coplanar arrangement of the bases within a base pair (twist = 4°).]
The variation in sugar conformations within the dodecamer has provided several insights (59, 59a) . First, the conformations span essentially the whole range possible for deoxyfuranose rings. They show a correlation between the glycosidic torsion angle and the sugar ring conformation. The purine residues tend toward the C2'-endo sugar pucker and a high value for their glycosidic angle, while the pyrimidine residues tend toward a lower glycosidic angle and their sugars are more like C3'-endo puckered sugars. This behavior was rationalized in terms of steric contacts between the sugars and the 02 of the pyrimidines. The authors note a further striking fact, which they formalize as the "principle of anticorrelation:" the two sugars of a given base pair tend to have values of their internal torsion angles (specifi cally about C4'-C3') that are equidistant from that of a central value corresponding to the Cl '-exo conformation. In other words, if one sugar in a given base pair is C3'-endo, the other sugar in that pair tends to have a C2'-endo conformation. Several deoxyribosyl structures and a recent DNA-RNA hybrid structure seem to be consistent with this principle, whereas the sugars in yeast phenylalanine tRNA are not.
In addition to the striking static heterogeneity in local structure, the dodecanucleotide provides evidence of dynamic heterogeneity. The thermal vibrations of individual atoms were inferred from their temperature factors as obtained in the X-ray structure determination. Drew et al (59) indicate that the relatively larger vibrations of peripheral atoms are consistent with the rapid intramolecular motions ascribed to DNA from NMR and other measurements (see below)
DNA in solution is often presumed to be in the B form (see section on the helical repeat of DNA). While modeling studies of solvent accessibility to the surfaces of the B form and of other polynucleotide structures have appeared (62, 63) , experimental knowledge of the organization of water about duplex DNA has been sparse. [The single-crystal structure of the proflavine complex with dCpdG is a notable exception (64) .] The dodecanu cleotide structure provides a unique opportunity to visualize water structure in a sizeable unit ofB form DNA (61) . There are 72 ordered molecules of water per duplex. Of these, 50 are either in the grooves or closely associated with the phosphate groups. The most striking arrangement of water mole cules is in the region of the minor groove associated with the central AA IT sequence. Solvent is organized in layers up to three or four molecules deep. The innermost layer forms a regular "spine" of water bridging the hydro philic groups of alternate bases. This backbone of water is compatible with any sequence of A-T or I-C base pairs, but not with G-C residues, due to the disrupting influence of the 2-amino group of guanine. This pattern suggests that guanine residues will destabilize the B form, an inference that is in general concurrence with the fi ber diffraction survey of Leslie et al (35) .
Finally, we note a study that suggests that the dodecanucleotide structure may represent a reasonable model for B DNA in solution. Lomonosoff et al [(65) and further discussion in (60) ] have found a good correlation between the rates of nuclease cleavage of internucleotide bonds of the dodecamer in solution and their "exposure" (magnitude of the local helical rotation between base pairs) in the crystal.
A complex of a second sizable oligodeoxynucleotide, d(CGTACG), with daunomycin has been shown by single-crystal diffraction analysis to contain a short segment that adopts a structure similar to that of the canonical B form. This complex forms a self-complementary right-handed anti parallel mini-DNA helix, with a molecule of drug intercalated between the C-G base pairs at each end (66) . The structure of the ends of the molecules is modifi ed for intercalation, but the central A and T residues share many characteristics with the familiar B DNA model. The sugars of the central A and T residues conform to the principle of anticorrelation above (59) . The authors indicate however that the backbone conformations of the central base pairs of the hexanucleotide have signifi cant departures from those in the usual A or B form models.
B form model for alternating copolymers A single-crystal X-ray structure determination (67, 67a) on the tetranucleotide d(ATAT) has led to interest ing proposals, (38, 67a) for a modifi ed B conformation suitable for a regu larly alternating copolymer. In the crystal, the two base pairs at each end of the tetranucleotide form H bonds to two different adjacent tetranucleo tide molecules, which yield short segments of right-handed antiparallel double helix. The most striking feature of the crystal structure is the regular alternation in sugar pucker and glycosidic dihedral angle, X. The adenosine residues both have a C3'-endo sugar conformation, while the thymidine residues have a C2'-endo pucker. This alternation has been incorporated into a model for the polymer poly(dA-dT)'poly(dA-dT), which is generally rather similar to the canonical B form model [cf Figure 10 in (68)]. This model is proposed as one of a family of basically similar alternating struc tures that could be built to maximize base-stacking interactions (38; see also 67a, 69). Such alternating B models are consistent with a number of the properties of poly(dA-dT)'poly(dA-dT) previously observed in solution [see (38) for references]. Shindo et al (70) have independently suggested a model with an alternating backbone conformation for this polymer in solu tion based on two resonance peaks in the 31p NMR spectrum. Recent 31p NMR studies have also detected the two resonance peaks expected for the alternating B model in fibers of poly(dA-dT)'poly(dA-dT) (71), as well as in solutions of poly(dA-dbr5U)'poly(dA-dbr5U) and poly(dI-dC)'poly(dI dC) (68) . The tetramethylammonium ion has been suggested to favor an alternating conformation for poly(dA-dT)'poly(dA-dT) (72) .
Lomonosoff et al (65) have provided evidence that poly(dG-dC)'Poly(dG dC) in low-salt solutions can also adopt an alternating type of conformation, presumably of the B form, based upon pancreatic DNase I digestion pat terns of the polymer. [An alternating B model was proposed (73) for the high-salt form of (dG-dC)-oligomers in an earlier study; in hindsight, it seems as likely that the dinucleotide repeat inferred is related to the more recently delineated Z form (see below).] Less detailed models for alternating structures have been suggested from theoretical studies (74, 75) .
Bent models/or B DNA Structural models for DNA have generally been built as unbent double helices. There have, however, been several sugges tions of smoothly bent or discontinuously bent ("kinked") models. Smoothly bent DNA has actually been observed, in the form of the dodecanucleotide duplex (58) discussed in a previous section. There have been a number of theoretical studies of smoothly bent models for DNA wound around the histone cores of chromatin (76) (77) (78) (79) .
Various kinked models feature straight segments of B form DNA inter spersed at regular intervals with residues having alterations in certain tor sional angles of their sugar-phosphate backbones (80) (81) (82) (83) . A variety of superhelical arran gements can result, depending upon both the frequency of kinking and its detailed mechanism. Such kinked models form a concep tual framework for observations as diverse as the compaction of chromatin and its regular patterns of nuclease digestion, the "breathing" of DNA, or suggests that the n form could be left handed. Third, satisfactory left handed models apparently can be built for the A form (and also for the B and D forms) (69, 92) . Detailed sets of coordinates have been supplied by Gupta et al (69) that are stated to fulfill the usual stereochemical criteria.
Several groups have noted that, surprisingly enough, only minor differences in the values of backbone dihedral angles need occur between left-and right-handed conformations, although the orientation of the base undergoes a significant shift (2, 7, 75, (92) (93) (94) . Energy calculations have indicated to some a preference for right-handed conformations (2, 7, 94) , although base stacking energies seem to be similar (95) . A major criterion for an accept able model is that it yield a predicted diffraction pattern consistent with the observed diffraction pattern. The left-handed B DNA model appears satis factory in this respect (69) . Hence, from the results of the fiber diffraction approach, there is no clear basis for preferring left-to right-handed DNA. It may be noted that there are several unambiguous observations of right-handed helices in oligodeoxynucleotides of mixed base sequence in both the A and B forms and in RNA [the short A form-like helices of yeast phenylalanine tRNA (96) ]. As yet, the only examples of a left-handed helix are seen in certain oligodeoxynucleotides and polydeoxynucleotides, which have a regularly alternating purine-pyrimidine sequence and a structure that is presumably not of general occurrence (see section on Z form DNA), or in short oligoribonucleotides that are constrained by a second covalent link between base and sugar (97) . In sum, while there are indications that natural DNA is right handed, there seems no obvious reason why it should not be able to adopt a left-handed conformation.
Side-by-side models for DNA Two groups have independently proposed a new class of model for the B form of DNA (98) (99) (100) (101) . These so-called side-by-side or SBS models are basically different from either the uniformly right-or uniformly left-handed structures discussed above. All of the SBS models feature a regular alternation of short segments of left-and right handed double-stranded DNA. The versions proposed by Sasisekharan and collaborators (98, 1(0) have alternating segments of fi ve base pairs, so that the two strands do not undergo a net winding around themselves. The most recent SBS model of Millane & Rodley (101) has a slight right-handed bias so that the strands wind around each other, i.e. they are "linked" about once for every 77 base pairs. In contrast, the uniform left-or right-handed models previously discussed are linked once for every pitch length of approximately ten base pairs. A debate has developed in the literature between the propo nents of the double helix and those favoring the SBS conformation. We fi rst consider the arguments based on model building and X-ray diffraction studies and then consider topological and other types of evidence.
Models of SBS DNA have many more degrees of freedom available than do models of uniform helices, since the repeating unit of SBS DNA is long (ten base pairs rather than one or two base pairs) and heterogeneous (left handed, right-handed, and junction regions). Consequently, while modeling of such a large unit is a technically difficult problem, there seems little doubt that stereochemically acceptable SBS models can be built (101, 102) . De tailed studies of the conformation and base stacking have appeared (95) . It may be surprising to the reader that the expected diffraction patterns for such models are not totally different from those of the regularly helical models. Similarities arise because the fi ber diffraction patterns are domi nated by two features that appear similarly in SBS and uniform models. The first feature is the apparent helical repeat: canonical ni odels have a pitch of "" 34 A, consistent with a tenfold helix and implying diffraction layer lines (102, 104) . In both studies, the authors concluded that the predicted diffraction patterns of the particular SBS models they examined do not fit the observed diffraction data nearly as well as do the predicted patterns of the best double-helical structures. In particular, SBS models predict several meridional reflections that are not observed. These studies have dealt with diffraction from fibers of noncrystalline DNA, the so-called continuous transform. There is also considerable diffraction data from fibers of semi crystallin e B DNA. Amott (105) notes that the intensity distribution of the crystallin e data agrees better with the double-helical rather than the SBS model. Further, a point originally made by Dover (106) is applied (105) .
The crystal lattice adopted by the lithium salt of DNA generates precisely regular intermolecular contacts between neighboring molecules for base pairs related by steps of 36.15° ± 0.25° of helical rotation, i.e. for a helix with precisely ten base pairs per tum of the helix. This relationship makes immediate sense in that it optimizes favorable lattice interactions for each base pair if the structure involved is that of a regular tenfold helix; however, it would be essentially a fortuitous result for an SBS type of structure, since SBS structures do not have a regular repeat at 36° intervals about the molecular axis.
As mentioned, the two strands of SBS DNA are relatively unlinked because of the alternation between left-and right-handed segments. A possible consequence of this feature, as noted a number of years ago (107) , and presumably one of the motive forces behind SBS DNA, is that the relative lack of linking of the strands might facilitate the separation of the two strands during replication or other processes. However, the cell has developed elegant enzymatic mechanisms for winding and unwinding DNA Annu. Rev In sum, there seems to be little experimental basis for SBS DNA, while there is evidence for uniform double helices. Until some more convincing evidence is brought forth, SBS DNA seems to be an unlikely possibility.
Z FORM DNA Some years ago, Pohl & Jovin observed that the circular dichroism (CD) spectrum of the alternating copolymer, (poly(dG-dC)-po ly(dG-dC), underwent a novel inversion when the polymer was exposed to high salt or ethanol concentrations (112, 113) . Recent demonstrations (34, 44, 45, 114 ) that oligomers of this material can assume a left-handed confor mation, the Z form, have suggested that this structure is the basis for the inverted CD spectrum (see below).
Z Form in crystalline oligonucleotides of d(C-G) -eI(C-G)
The structures of several oligomers of alternating d(C-G)·d(C-G) have been determined within the last few years using single-crystal diffraction techniques. Given the large number of departures of these oligomer structures from those of canonical polynucleotides, it is fortunate that this methodology yields struc tures that are free of the kinds of assumptions that typically are made in fi ber diffraction analysis. The initial structure in this series was derived from crystals of the hexamer, d(CGCGCG) (44), and was followed shortly by determinations on the tetramer, d(CGCG) (45, 114) . There are now a number of examples of these oligomers crystallized from a variety of media. The major features of their structures are similar. I first discuss the hexamer (44) as a prototype, and then summarize the differences among the various oligomer structures.
In the crystals of the hexamer, two molecules of d(CGCGCG) join in an antiparallel fashion to form a left-handed miniheHx. The C and G residues on one strand form Watson-Crick hydrogen bonds to the G and C residues Annu. Rev. Biochem. on the other strand. The six base pairs so formed comprise one half of a left-handed helical tum. The conformations of the residues also alternate in this structure of alternating base sequence. In general, the dC residues are similar to the residues in the canonical models for B DNA, while the dG residues are very different. For example, the sugars of the dC and dG residues display a regular alternation between the C2'-endo and C3'-endo conformations, respectively. Further, the dihedral angle around the C4'-C5' bond alter nates markedly (between a gauche-gauche conformation in dC residues, as in B DNA, and a gauche-trans conformation in dG residues). Since the C and G residues have different conformations, the repeating unit on a given strand is a dinucleotide. These dinucleotide units are very regularly arrayed in the minihelix, although the symmetry of the lattice does not demand this regUlarity. The regularity even extends across the gap where duplexes stack upon each other except, of course, for the missing phosphate groups. The result is that the crystal structure approximates that of a continuous polymer, with 6 dinuc1eotides or 12 bases for each helical tum of a given strand. These alternating conformations produce an irregular zig-zag course of the sugar-phosphate backbone, hence the Z DNA designation for this structure ( Figure I ). The residues also alternate in the relationship of the base to its sugar. The dC residue has an anti relationship, which seems to be generally needed to relieve steric interactions between pyrimidine bases and their sugars (115) . The guanine residues in contrast assume a syn conformation wherein the base closely approaches its sugar. This is the fi rst example of a residue of a natural nucleotide that adopts the syn position in an oligomeric or larger system, although the bases in polynucleotides can be constrained toward this position by a bulky base substituent (116) or by a second covalent linkage between base and sugar (97) .
As might be expected from the unique alternation of backbone and base-sugar conformations, the positioning of base pairs within the helix and the base-stacking relationships are remarkable. The base pairs are relatively peripheral in location in Z DNA. Because of the syn conformation of the guanosine, the reactive N7 and C8 positions of guanine are located at the margins of the structure and thereby made accessible to environmental insults (see below). The base pairs at the d(CpG) sequences are displaced laterally by 7 A relative to each other, so that ordinary base overlaps do not occur. Rather, the cytosine residue of one base pair stacks with a neighbor ing cytosine residue on the opposite strand. The guanine residues at this sequence do not stack with the adjacent bases, but rather overlap the furanose ring oxygens of the adjacent sugars. In contrast the stacks at the d(GpC) sequences are relatively similar to those of B DNA with overlap, of the bases that adjoin on the same strand. (34, 44, 45, 114, 117) . The principal variation occurs in the orientation of the phosphate group of the GpC sequence. In the various crystals that have been solved, one or more of the phosphate residues has rotated fr om its position in the predominant conformation so that it lies further outwards and away fr om the minor groove (34, 45, 114, 117) .
Models for continuous polymers based upon each of these two phosphate conformations, labelled ZI and Zn, have been described (see below). A related change in the conformation of the phosphate group occurs in the crystalline tetramer solved by Drew et al (45) . In this structure, labeled Z', the phosphate group of the GpC sequence again rotates outward, as in going from ZI to Zn. The reasons for the rotations in Z' and Zn are apparently different, being correlated with repulsion by a neighboring chloride ion for Z' (45) or, in some cases at least, with binding to a nearby hydrated mag nesium ion for Zn (34, 114) . The altered phosphate positioning in Z' is correlated with a change of sugar pucker of the internal deoxyguanosine residues, so that those sugars adopt a conformation (Cl'-exo) similar to that in the deoxycytidine residues. The result is that the Z' backbone has an almost uniform sugar pucker, which demonstrates that the characteristic dinucleotide repeat of Z DNA does not necessarily need to extend to a major involvement of the sugar conformation (45) . Z fo rm in f i bers of alternating polymers The demonstration of the Z struc ture in crystals of oligomers has led to attempts to identify such a structure in fibers or in solutions of polymeric DNA. X-ray fi ber diffraction has provided relatively unambiguous evidence in the case of fi bers. Arguments for the Z fo rm in solution are summarized in the next section.
Fibers of certain alternating deoxypolymers yield a distinctive X-ray diffraction pattern identifi ed with the Z fo rm [which has also been called the S fo rm in polymers (35) ]. The original observation of Z fo rm diffraction from f i bers was made with poly(dG-dC)·poly(dG-dC) (46) . Basically simi lar patterns have been collected fr om fibers of poly(dA-dC)-poly(dG-dT) (35) and poly(dG-dm5C)-poly(dG-dm5C) (118) . A related pattern from poly(dA-ds4T)-poly(dA-ds4T) (119) has been reinterpreted in terms of the Z structure (46) . crystal diffraction of the oligomers. The initial model for poly(dG-dC)· poly(dG-dC) (46) differs signifi cantly in backbone position and base-stack ing arrangements from the oligomer structures; a more recent model (120) approaches the oligomer structure more closely. In neither case were pre dicted diffraction patterns presented for the models. The discussion of Wang et al (34) contains the most detailed polymeric models based on the oligomers. These authors have generated full sets of atomic coordinates for each of the two variations on the Z form described above, i.e. ZI and ZII, which they observed in their oligomer studies. The predicted diffraction pattern for their model of the predominant conformation (Zv (34) fi ts the observed pattern (46) , which provides strong evidence for the Z conforma tion in fi bers of this polymer.
Is an RNA backbone compatible with the Z form? In the initial descrip tion of the Z form, the authors (44) indicated that the 2'-hydroxyl position of the sugar would point outwards from the helix and so would not neces sarily be sterically encumbered. There are, however, no spectral indications that the ribopolymer, poly(rG-rC)·poly(rG-rC), enters a high-salt form under conditions where the deoxypolymer does (113) . The relationship between such high-salt conformations and the Z form is considered next.
The high-salt fo rm of alternating polymers and its relationship to the Z fo rm The studies ofPohl & Jovin on the high-salt form of poly(dG-dC)-poly(dG dC) were clearly an important factor in the choice of d(CGCG) and d(CGCGCG) for crystalliza tion, which led to the elucidation of the Z structure. The original studies, which showed a requirement for high-salt concentrations (113) or intermediate levels of ethanol (112) , have bee n extended to include a variety of cations that are able to elicit this form (based on spectral criteria) at much lower concentrations (121) . For exam ple, poly(dG-dm5C)-poly(dG-dm5C) undergoes an inversion in its circular dichroism spectrum in the presence of 5 /LM hexamine cobalt or 2 /LM spermine. This study also demonstrates a dramatic infl uence of polymer composition: the methylated polymer undergoes the spectral transition at '" 1 mM Mg2+, a concentration about lOoo -fold lower than that needed for the unmethylated polymer (121) . Although I continue to use the high-salt designation for the conformation with inverted CD spectrum described by Pohl & Jovin (113) , these results clearly show it can be induced under specifi c conditions at low ionic strength. As is described in the next section, binding of certain substituents also favors the occurrence of the high-salt form.
Other properties besides circular dichroism and ultraviolet absorbance (112, 113) have bee n used to measure the transition. The 3H-exchange properties of the high-salt form are markedly different from those of the low-salt form. Two protons have half-times at least 50-fold longer than those in more usual polynucleotide conformations. Ramstein & Leng (122) note their potential use to assay for the high-salt conformation in natural DNA. The transition is also accompanied by marked changes in Raman scattering spectra (123) .
There is considerable evidence that the high-salt form corresponds to the Z form. First, the laser Raman spectrum of crystalline d(COCOCO) is similar that of poly( dO-dC)· poly( dO-dC) in high-salt solution and different from that of the polymer in low-salt solution (123a). Second, the increase in molecular length going through the transition at intermediate ethanol concentrations corresponds to that expected for the conversion from the B to the Z form (123b). Third, the high-salt form (as evidenced by its CD spectrum) is observed for polymers with regularly alternating purine pyrimidine sequences, i.e. polymers of alternating (dO-dC) (113), (dO-dm 5C) (121), or (dI-dbr5C) (73), but not for the nonalternating polymer, poly(dG)'poly(dC) (113) . This specificity is consistent with the basic struc ture of the Z form, which requires alternation of purines and pyrimidines. Incidentally, the inversion of the CD spectrum might seem to be evidence for the presumed conversion from a right-handed B form to a left-handed Z form. However, theoretical considerations indicate that inversion does not necessarily correspond to a change in helical sense (124) . In addition, there are instances of similar inverted CD spectra for which there are viable alternative explanations. For example, the product of the annealing of complementary closed-circular DNA, Form V DNA, has a related spec trum (l11), although its irregular base sequence seems incompatible with a regular Z conformation. A second inverted spectrum is that of poly(dI dC)'poly(dI-dC) in low-salt media. As described in the section on D form DNA, it has been variously interpreted by different groups as due to left or right-handed helices quite different from the Z form.
Further evidence for correspondence between the high-salt and Z forms comes from NMR experiments. These studies suggest an alternating confor mation for the high-salt form of alternating (dO-dC). The IH NMR spec trum of (dO-dC)g (73) indicates that one but not both glycosidic torsion angles and one but not both sugar puckers change in the Pobl-Jovin transi tion. The 31p NMR spectrum of this material (73) as well as that of a 145 base-pair length of alternating (dC-dO) (68, 125) splits into two resonances of approximately equal intensity, which indicates an alternating conforma tion about the phosphodiester linkage. Magnetic shielding constants calcu lated for poly( dO-dC)' poly( dO-dC) in high salt were in agreement with the presence of the Z form but not of the B form (126) . These various NMR results are consistent with but not uniquely diagnostic fo r the Z form. Adoption of the Z structure is also suggested by studies of derivatives of alternating sequence polymers (see next section).
There are two studies that raise the possibility that the high-salt fo rm may not be the Z fo rm. First, determination of the helical periodicity of either poly(dG-dC) ·poly(dG-dC) or poly(dG-dm5C) ·poly(dG-dm5C) in the high salt fo rm by nuclease digestion while the polymers are bound to absorbents (see section on the helical repeat of DNA) gives > 13 base pairs/ turn rather than the value of 12 expected for the Z structure. It is not clear whether the discrepancy refl ects the effects of adsorption or whether a different structure is present. Second, the calculated CD spectrum for the Z fo rm does not agree with that observed for the high-salt fo rm of poly(dG-dC) ·poly(dG-dC) (127) . Whether the disagreement arises from assumptions in the calculations or in the choice of structure has not been resolved.
The structural transition of alternating (dG-dC) in solution generally occurs at a relatively high-salt concentration (113). Crawford et al (114) note that, despite this, the various hexamer and tetramer crystals containing segments of Z DNA were generally obtained fr om low-salt solutions. They therefore suggest that there is an equilibrium between left-and right-handed conformations, which shifts toward the Z fo rm as crystallization proceeds. The crystals themselves nominally qualify as high-salt environments, hav ing concentrations of charged groups of the order of several molar (44, 45).
A fo rm of d(CGCG) crystallized at lower salt concentrations has been described but not solved in detail; this fo rm undergoes a reversible salt dependent transition to the Z' structure while still in crystalline fo rm (128) .
Reaction of alternating (dG-de) with ligands Several ligands favor the transition of poly(dG-dC) ·poly(dG-dC) to a fo rm with an inverted CD spectrum similar to that induced by high-salt levels. Mitomycin C induces such a change with a polymer specifi ty like that for the salt-induced conver sion: alternating deoxypolymers of (dG-dC) are affected, but not the corre sponding ribopolymer or the nonalternating deoxypolymer. The drug also can cause a qualitatively similar but much less extensive change in the CD spectrum of natural DNA (129) .
Extensive reaction of the carcinogen, N-acetoxy-N-acetyl-2-aminofluo rene, can cause poly(dG-dC)·poly(dG-dC) to undergo an inversion in its CD spectrum even at low ionic strengths (130--132) . At relatively low levels of derivatization, the polymer remains more prone to undergo the transi tion, . as judged by reduced levels of ethanol needed for the reaction. The major site of covalent attachment of the bulky fl uorene derivative is at the C8 position of guanine, which leads to very interesting speculation in terms of the Z structure. (The usual caveat applies : we do not know that the inverted spectrum of the fluorene derivative corresponds to that of the Z form, although it is certainly worth making this working hypothesis to entertain the implications.) Reactive sites on guanine (N7 and C8) are particularly exposed to the medium in the Z structure, and the potential importance of the Z form in reactions with chemicals in the environment was noted by Wang et al (44) . Several consequences have been suggested. First, the guanine residues may be more reactive in the Z fo rm. While this suggestion was difficult to test in high-salt or ethanolic media (131) , it may be approachable in the aqueous media recently described (121) . Second, once reacted, the altered residues may lock the sequence into the Z form. Related studies have been performed with a second carcinogen, N hydroxy-N-2-aminofluorene (130) or with dimethyl sulfate (132a). Also the intercalating dye, ethidium bromide, was early noted to be an effective inhibitor of the transition to the high-salt form, presumably due to a prefer ence for binding to the low-salt form (133) .
Z fo rm in natural DNA? The unusual properties associated with Z DNA and with the high-salt fo rm of DNA of alternating purine-pyrimidine se quence have prompted experiments that seek evidence for the occurrence of either or both states in DNA of heterogeneous sequence. As just outlined, ligands may induce limited amounts of the high-salt form in natural DNA. Several studies that do not depend on such ligands are available at the moment; more are expected.
Supercoiled phage PM2 DNA, a closed-circular DNA of heterogeneous sequence, undergoes a salt-induced cooperative transition to a form ad sorbed by nitrocellulose filters (134) . The basis of the adsorption is un known; formation of a Z structure is proposed, with either the Z form itself or single-stranded regions between B and Z regions binding to the filter. (The degree of retention of poly(dG-dC) ·poly(dG-dC) under these condi tions would be of interest.) The NaCI concentration required for the transi tion is similar to that for the high-salt transition of alternating d(G-C). A higher salt level is required for linear PM2 DNA, in accord with earlier suggestions (135, 136) that the excess energy of negative supercoiling would aid the transition from a right-handed to a left-handed structure. Prior treatment of the DNA with N-acetoxy-N-acetyl-2-aminofl uorene (see pre ceding section) or with ultraviolet irradiation lowered the salt concentration needed to in duce the transition. The authors speculate that an increased tendency to enter the proposed Z conformation as a result of DNA damage may provide a signal to DNA repair systems.
Klysik et al (137) have cloned plasmids containing inserts of various lengths of alternating d(G-C). Inserts oflonger than 40 base pairs of d(G-C)
were unstable and suffered deletions. The authors generated a short segment (138-176 base pairs) of heterogeneous sequence DNA containing near its center about a third of its length as alternating d(G-C) residues [which were in tum interrupted by a single d(GATC) sequence]. This DNA segment underwent a salt-induced transformation to a fo rm with a partially inverted CD spectrum. The high-salt spectrum was equivalent to that of a mixture of heterogeneous sequence DNA with an amount of alternating d(G-C) lower than that which was actually present, which lead the authors to suggest that d(G-C) residues near the edges of the insert might not be in a Z type of conformation. As they note, this argument makes several assumptions, including a lack of signal from the proposed junction regions. In contrast, the 31p NMR spectrum in high-salt media showed the appear ance of a second resonance in about the amount expected for total conver sion of the insert. Klysik et al fu rther applied an important test of the proposed conversion from right-to left-handed regions. A DNA segment with alternating d(G-C) ends was inserted into a plasmid; the linking num ber of the DNA was estimated from the band pattern in gels run at salt concentrations that spanned the transition. A high-salt conversion clearly occurred that was fo rmally equivalent to the unwinding of about half of the expected number of supercoils for a B to Z transition. The authors suggest that the relatively small change reflects a partial conversion. An alternative interpretation may be considered: Because of their self-complementary se quences, the d(G-C) inserts could "loop out" to make a cruciform structure, with an expected change in linking number about equal to that actually observed. This ambiguity can be avoided in principle by using inserts of a sequence that is not self-complementary but that fo rms the Z structure. Poly(dA-dC) ' poly(dG-dT) appears to fit these requirements (35) . It may be noted that a stretch of 62 base pairs of this latter sequence has been found in vivo (138) , while comparably long sequences of alternating d(G-C) have apparently not been described. Dickerson & Drew (60) suggest that the tendency of alternating (dC-dG) sequences to adopt the Z fo rm may in deed be small, given the absence of Z structure in their crystals of d(CGCGAATTCGCG). Those crystals were comparable in salt level to those of d(CGCG) or d(CGCGCG) containing the Z fo rm.
Antibodies specifi c for the high-salt fo rm have been elicited in several animals in response to injections of either brominated or unbrominated poly (dG-dC) 1>oly(dG-dC) (14Oa). The fl uorescence staining patterns of these antibodies on the polytene chromosomes of Drosophila have provided the first evidence fo r the Z fo rm in natural DNA (14Ob). A regulatory role has bee n suggested for such Z form regions (121, 14Ob Transition between Ba nd Z fo rms Amott et al (35, 46) observed the Z form in fibers of alternating d(G-C) that earlier had given the B form diffraction pattern. Sasisekharan & Brahmachari (91) showed a relatively rapid conversion between these forms that was controlled by changes in the ambient relative humidity. The two groups reached opposite conclusions: one argued that B and Z forms are of different hand (46) , while the other concluded that a ready transition under mild conditions ruled out a change in handedness of the helix (91) . Whatever the outcome in fi bers, Simpson & Shindo (125) note that the transition in solution between the high-and low-salt forms of the 145 base pair pieces of alternating d(G-C) can occur without total strand dissociation; it is, of course, not clear that the same forms are involved as in fibers.
The Z form (74, 139, 140) and the B � Z transition (136) have also been considered from a theoretical point of view. Possible model structures for the interface between B and Z helices have been discussed, both with unstacked (44) or completely stacked junctions (141) .
OTHER FORMS OF DNA Studies of polymers of simple repeated sequence have been crucial in delimiting the variation expected from base sequences. A recent survey of many complementary deoxypolymers of defi ned repeat ing sequences, by Leslie et al (35) , based on X-ray fi ber diffraction methods should be noted.
A form DNA Most DNA will enter the A form. Notable exceptions are poly(dA) · poly(dT) (see above), poly(dA-dG) · poly(dC-dT) (35) , and the glucosylated DNA from bacteriophage T2 (142) . The A form of poly(dA dT) -poly(dA-dT) was originally reported to be unstable relative to the D form (described in the next section) (41), although exceptions to this behav ior have been noted (35, 143) . Fibers of different materials in the A form tend to be quite crystalline and to share the same space group and the same lattice parameters (35, 36) , which suggests that the A conformation may be favored by specifi c packing interactions. The A form of DNA can appar ently, however, occur in solution in ethanolic solvents (144, 145 ). The original model for A DNA (36) and a refined model (31) are right handed helices with 11 base pairs per tum (Figure 1 ). The structures of two self-complementary oligodeoxynucleotides, d(GGTATACC)(145a) and d(iodo-CCGG) (145b), have recently been determined by single-crystal methods to be of the A form. It is very significant that both form right handed helices. Left-handed models fo r polymeric A form DNA which are stated to be stereochemically acceptable have been reported, but the details are not yet available (69, 92) . Given the differences in the molecular trans forms of left-and right-handed versions (69) , a quantitative comparison with the semi-crystalline fi ber diffraction data must be awaited. NMR results indicate that the A and B conformations can exist in apposition in a single RNA-DNA duplex (146) . A model-building study of this duplex has appeared (147) .
DNA in solution can be induced to undergo a reversible cooperative transition in secondary structure over a small range of ethanol concentra tions. The species involved have distinctive CD spectra that were early correlated with the presence of the B fo rm at low ethanol levels and the A fo rm at high ethanol levels (148) . This assignment has been corroborated by a direct demonstration of the species involved in the ethanol-induced transition by diffraction techniques (149, 150) .
C fo rm DNA The characteristic C fo rm X-ray diffraction pattern can be obtained fr om fi bers of a wide variety of natural and synthetic DNAs held under relatively dehydrated conditions (35, 39, 40) . The original model for the C fo rm (40) as well as a subsequent refi nement (32) correspond to a right-handed structure with 9.3 base pairs/turn (Figure 1 ). There is a widespread tendency in the literature to equate the C fo rm with these models. However, unlike the fo rms so far discussed, the C form diffraction pattern is obtained from a family of structures possessing a wide range of helical parameters [7.9 to 9.6 residues/turn (39, 40) , a range wider than that which separates the A and B fo rms].
DNA in concentrated salt solutions or in certain organic solvent-water mixtures adopts a distinctive CD spectrum. A similar spectrum is assumed by DNA in chromatin and in certain viruses. This spectrum had been correlated with the presence of the C fo rm (148) . However, a number of studies indicate that the conformation actually present is close to that of the B fo rm (39, (151) (152) (153) (154) (155) (156) (157) , which leaves the CD spectrum of the C fo rm pres ently undefined.
D fo rm DNA The characteristic X-ray diffraction pattern of the D fo rm of DNA was originally obtained by Davies & Baldwin fr om fi bers of poly (dA-dT) ·poly(dA-dT) (4 1). The closely related pattern from poly(dI-dC) -poly(dI-dC) (158) corresponded to an eightfold helix. In addition to those just mentioned, several other nonguanine-containing deoxypolymers have been fo und to adopt the D fo rm (35, cf 33) : poly(dA-dA-dT) ·poly(dA-dT dT), poly(dA-dI-dT) ·poly(dA-dC-dT), poly(dA-dI-dC) ·poly(dI-dC-dT), and poly(dA-dC) ·poly(dI-dT). In general, the D fo rm seems to occur in fi bers under relatively dehydrated conditions, more like those favoring the A or C fo rms than those yielding the B fo rm.
Mitsui et al (158) were unable to build a fully satisfactory right-handed model consistent with the D fo rm pattern from poly(dI-dC) ·poly(dI-dC). They made the then startling suggestion that a left-handed model (with an unusual sugar conformation) was at least as likely as a right-handed model. Details of the models and their predicted diffraction patterns were not presented. The inverted CD spectrum of the polymer (which occurs at low ionic strengths) was taken as encouragement for the left-handed model. Whatever the handedness of the structure in solution, it is a substrate fo r a variety of enzymes that act on natural DNA (159) . Such enzymatic action could be used to argue fo r a similar helical sense in solution fo r natural DNA and poly(dI-dC) 'poly(dI-dC) if we knew more about the binding sites of the enzymes. Amott et al ( Extended DNA Amott et al (160) have recently interpreted the fi ber diffraction pattern from a complex of DNA with a platinum-containing intercalator in terms of an unusual linear (i.e. nonhelical) model, which they call L DNA. The proposed structure is stabilized by intercalation between every second base pair. In general terms, the model is obtained by unwind ing the helical turns of a double helix without unpairing the base pairs. The result is a ladder-like structure with the base pairs as rungs, generally much like the "cis-ladder" proposed by Cyriax & Oath (161) fr om a modeling study of nonintercalated DNA. These developments recall the venerable observation of Wilkins et al (162) of a reversibly altered phase of DNA fo rmed by the mechanical extension of DNA fibers. The extension of the fibers was tentatively suggested to result fr om the actual extension of the molecules.
Miscellaneous models Two novel types of models have been proposed on theoretical grounds. In the "vertical helix" a relatively open duplex with its bases oriented parallel to the helical axis is generated by using the high anti range of the glycosidic torsion angle (163) . In another series of models, a reversed backbone polarity has been suggested, which leads to the syn conformation for right-handed duplexes or the anti conformation for left handed duplexes (164) . (31, 50) . Poly(rA) ' poly(dT) can also adopt A-or A'-like forms (6, 169) with 11 or 12 residues/tum, respec tively, which emphasizes that at least some hybrid sequences are poly morphic. The hybrid poly(dI) ' poly(rC) also forms a tenfold helix in fibers (6); its structure has been suggested to be similar to that of the original Watson-Crick model for B DNA (49) , which had the sugar pucker (C3' endo) most often associated with polyribonucleotide models.
RNA-DNA hybrids

Helical Repeat of DNA
The X-ray techniques that have had such a dominant role in deriving structural models for DNA require samples with considerable local order. The ordering may be as low as that in a rudimentary fi ber where elongated molecules tend to pack with their axes in the same direction, or the ordering may be as high as that in a crystal with its precisely repeated units. In either case, order is usually obtained by repetitive intermolecular interactions in solid samples. Such interactions can influence the structure. Hence, studies in solution assume a double importance, being useful not only in themselves ± 0. 1 residues/tum, while inserts of the homopolymer poly( dA) · poly( dT)
were distinctly different (10.1 ± 0. 1 residues/tum) (171, 171a) . Values for inserts of other sequences are summarized in Table 2 .
A second approach is based on the observation of Liu & Wang (175) (Table 2) . Values for several alternating copolymers, namely poly(dA-dT) 'poly(dA-dT), poly(dG-dC) 'poly(dG-dC) and po IY(dG-dm5C) ' poly(dG-dm5C) are summarized in Table 2 .
In comparing the helical repeats obtained by these techniques to those fr om fi ber data, we must decide which fiber conformation is most appropri ate. The canonical B fo rm is an obvious, but not necessarily correct, choice to correspond to DNA in solution. The poly(dA) -poly(dT) periodicity does indeed agree exactly with that estimated fr om fiber data for the B fo rm, perhaps reflecting the previous discussed reluctance of this polymer to leave the B fo rm. In contrast, poly(dA-dT) ·poly(dA-dT), poly(dG) 'poly(dC), respectively, while the repeats of the alternating d(G-C) and d(G-m5C)
polymers were significantly greater than the fi ber repeats for any duplex DNA, including Z DNA. Generally, then, the surface adsorption technique and the insertion technique give values for the residues per turn that are greater than those expected from the fi ber or crystal structures. A model for DNA of heterogeneous sequence with 10.6 residues/tum has also been proposed based on energy calculations fo r DNA in the absence of water (76) .
An alternative approach (170) attempted to bridge the gap between fiber and solution structures. Fibers were swollen with up to three volumes of water, and their X-ray fiber diffraction patterns were collected. Molecular orientation was sufficiently retained in this range to obtain helical parame ters. The diffraction pattern remained of the B fo rm, and the helical parame ters were not signifi cantly altered fr om those in fibers. There is therefore disagreement between the helical repeat of wetted DNA fibers (9.9 ± 0. 14 residues/turn) and that fr om the insertion or adsorption techniques (10.6 ± 0. 1 residues/tum). The behavior of the wetted fibers has been suggested to be infl uenced by remaining intermolecular interactions which either directly (172) or through multivalent cations (l72a) might constrain the helical repeat to stay near 10.0 residues/tum as in the fibers. Such interac tions would have to extend through water layers which average at least several molecules in thickness. There is no evidence that multivalent ions occur in significant amounts in the wetted fiber samples.
He terogeneity in DNA Structu re STATIC HETEROGENEITY DNA is highly polymorphic. Both natural DNA of heterogenous sequence and a variety of synthetic DNAs of simple repetitive sequence are capable of adopting more than one conformation. Base sequence rather than overall base composition often clearly influences the preferred conformation under a given set of conditions. Among many examples studied by fiber diffraction are the ability of poly(dA-dt) 'Poly(dA dT) to adopt the A,B,C, and D fo rms (41) , while poly(dA) ' poly(dT) has only been observed in a B fo rm (54) , or the ability ofpoly(dG-dC) 'poly(dG dC) to adopt the A,B, or Z fo rms (46) , whereas poly(dG) 'poly(dC) is apparently restricted to the A and B fo rms (174) . In addition, there are numerous instances of variation in physical, chemical, or other properties depending on base sequence, which undoubtedly involve conformational changes (3).
Examples of restricted variation in local nucleotide conformation are those observed in Z DNA or suggested fo r the alternating B DNA model;
in each case two different nucleotidyl conformations alternate regularly. At a more complex level, the dodecanucleotide structure fr om Dickerson's group is a marvelous example of local structural variation, as discussed in the section on B fo rm DNA. Considerable heterogeneity in backbone con fo rmation is also suggested by the 31p NMR spectra of an oligodeoxynu cleotide (176) and of fibers of natural DNA in the B fo rm (177); such heterogeneity is not ascribed to the A fo rm of natural DNA (177, 178). Natural DNA sequences are not random. Analyses of the deviations from randomness have revealed patterns that raise the possibility of more subtle infl uences of sequence upon structure (179) (180) (181) (182) .
DYNAMIC HETEROGENEITY The heterogeneity so far discussed is static in nature, i.e. under a given set of conditions a particular conforma tion is assumed to accompany a particular base sequence. An alternative source of heterogeneity is a dynamic variation of structure, not necessarily associated with particular base sequences. DNA in solution or in B fo rm DNA fi bers [but not in the A fo rm (177, 178)] has often been suggested to undergo internal motions over a wide range of time constants and with significant amplitUdes [however, note (183) ]. A detailed review of dynamic structural heterogeneity is beyond the scope of this review, but a fe w refer ences are cited in this rapidly expanding field. Evidence concerning dynamic heterogeneity in DNA or in DNA-ligand complexes has been obtained by fluorescence depolarization (184, 185) , by electron paramagnetic resonance (186) , by NMR (87, 177, 183, (187) (188) (189) (190) (191) (192) ; for review see 21) , and, as men tioned in the section on B fo rm DNA, by crystallography (59) .
Concluding Remarks
A number of detailed models fo r DNA have been discussed. To the extent to which the models conform to reality, they provide snapshots of likely conformations for biological contexts. However, much is missing fr om the pictures, particularly the selection and distortion enforced by interaction with proteins or other molecules. Only recently have detailed structures for the classes of protein of interest begun to become available fr om single crystal diffraction results. The structures of two regulatory proteins that interact with DNA have been solved at high resolution (193) . Neither crystal structure includes oligodeoxynucleotides or other representatives of DNA, so that the interactions of the proteins with DNA had to be inferred from modeling studies. In both cases, it was proposed that exposed a-helices protruding fr om the protein surface interact with the major grooves of a basically B fo rm model for DNA. However, there is a dramatic differ ence between the two models: the catabolite gene activator protein of E.
coli (194) is proposed to interact with left-handed B fo rm DNA, while a righ t-handed B fo rm DNA gives a neat fit for the ero repressor of baeterio phage A (195) . 
